Abstract: 1,1-Dimethylbiguanidium 1H,1′H-5,5′-bistetrazole-1,1′-diolate (MGBTO), a novel nitrogen-rich energetic salt, was synthesized by cation exchange. Its structure was characterized by elemental analysis, FTIR, NMR, DTA and TG-DTG. Single crystal X-ray diffraction analysis revealed that MGBTO was crystallized in the monoclinic space group C2/c. Thermal analysis demonstrated that its thermal stability extended up to 531.1 K. The nonisothermal kinetic and apparent thermodynamic parameters of the exothermic decomposition of MGBTO were determined by the Kissinger and Ozawa methods. Its detonation velocity and detonation pressure were calculated on the basis of the Kamlet-Jacobs equation and were 6342 m·s -1 and 15.78 GPa, respectively. The impact and friction sensitivities of MGBTO were quantified using standard BAM (10 kg drop hammer) procedures. The results revealed that the salt has good mechanical sensitivity (FS > 120 N, IS > 40 J), thus indicating its potential applications as an energetic material.
Introduction
A unique class of highly energetic materials based on nitrogen-rich heterocyclic ionic salts has been developed over recent decades, due to the observation that the detonation performance of heterocyclic ionic salts can be easily modified with different combinations of anions and cations [1] [2] [3] [4] [5] [6] [7] . The tetrazole ring and its derivatives have attracted extensive interest because of their unique and excellent properties, such as high nitrogen content, high formation enthalpy, and good stability [8] . Among all of the strategies used to improve the detonation performance of energetic materials, the use of N-oxides is a special approach that facilitates the achievement of oxygen balance [8] [9] [10] [11] [12] [13] [14] [15] . Fischer and his coworkers synthesized a series of 1H,1′H-5,5′-bistetrazole-1,1′-diolate (BTO) salts [8, 16] and showed that the excellent performance of dihydroxylammonium 1H,1′H-5,5′-bistetrazole-1,1′-diolate (TKX-50) is comparable with that of CL-20. Since then, researchers have begun to pay attention to BTO-based energetic salts due to their impact-insensitivity and high-energy [17] [18] [19] [20] [21] [22] . Therefore, related research on BTO-based energetic materials should be continued in order to develop potential energetic materials.
In this paper, we report a new energetic compound, 1,1-dimethylbiguanidium 1H,1′H-5,5′-bistetrazole-1,1′-diolate (MGBTO), which was synthesized by reacting BTO with 1,1-dimethylbiguanidium hydrochloride (metformin hydrochloride). The crystal structure, thermal stability, nonisothermal kinetics analysis, sensitivity, calculated molar enthalpy of formation, and calculated detonation properties of MGBTO were investigated, and the results showed that MGBTO has potential applications as a nitrogen-enriched energetic material with good thermal stability and low sensitivity.
Experimental

Materials and methods
All chemicals were commercially available and used without further purification. FTIR spectra were recorded on a Nicolet-5700 FTIR spectrometer using pressed KBr pellets in the wavelength range 400 cm −1 to 4000 cm C NMR spectra were recorded on a JEOL GSX 600 MHz nuclear magnetic resonance (NMR) spectrometer at 600 MHz and 100 MHz, respectively. Single-crystal diffraction analysis was collected by a Bruker Smart APEX II CCD diffractometer. The thermogravimetric analysis (TG) was performed on a STA6000 instrument, and the temperature was increased from room temperature to above 800 K at a heating rate of 10 K·min −1 in flowing high-purity nitrogen. 
Synthesis
Characterization
The structure of MGBTO was characterized by FTIR, 1 H NMR, 13 C NMR, EA, and single crystal X-ray diffraction. As shown in Figure 1 , the IR spectrum of MGBTO shows a sharp, strong band at 1689 cm -1 . This band is attributed to the C=N stretching vibrations in the cation. An intense broad band centered at 3392 cm Four solution combinations were prepared to obtain a suitable crystal for X-ray crystallography. Only one, however, yielded a suitable single crystal through slow evaporation of water at room temperature. The crystals yielded by the other three solvents all exhibited disordered atoms. Table 1 presents a summary of the crystallographic data and refinement details for MGBTO. The X-ray crystallographic data showed that MGBTO crystallizes with a molecule of water of crystallization in the monoclinic space group C2/c, with a calculated density of 1.487 g/cm 3 based on eight molecules packed in the unit-cell volume of 2834.81(14) Å 3 . The molecular unit is shown in Figure 2 . The torsion values of N6-N5-C2-C1 and N6-N7-N8-O2 are 178.62° and 180°, respectively, indicating that the molecules are arranged in a nearly planar bicyclic ring system. The distances between any two adjacent atoms in the BTO anion lay between the lengths of formal single and double bonds [8, 21] due to the influence of the conjugation of negative charges throughout the aromatic ring. Selected bond lengths and angles are listed in Table 2 . Data on hydrogen bonds in the molecular structure are presented in Table 3 . The packing diagram of MGBTO built up by hydrogen bonds is shown in Figure 3 . Hydrogen bonds are represented by dashed lines. Each N-H of the amino groups in the cation acts as a hydrogen bond donor and bonds with an anion via N-H···O (1.894 Å to 2.279 Å) or N-H···N (2.06 Å to 2.526 Å). Water molecules play an important role in cell accumulation. Oxygen atoms in the water molecule form hydrogen bonds and act as H-bond acceptors with cations. The hydrogen atoms form hydrogen bonds and act as H-bond donors with anions. 
Thermal decomposition behaviour
The thermal stability and decomposition behaviour of MGBTO were investigated through differential thermal analysis (DTA) and thermogravimetry-derivative thermogravimetry (TG-DTG) measurements obtained at a rate of 10 K/min. The DTA curve of the salt (Figure 4 ) exhibits only one exothermic peak at 531.1 K throughout the entire thermal decomposition, indicating that it has good thermal stability under an air atmosphere. A small endothermic peak at 418.2 K corresponds to the loss of crystal water. The TG-DTG curve ( Figure 5 ) obtained under flowing high-purity nitrogen shows two mass loss stages. The salt undergoes its first mass loss process from 386.6 K to 431.5 K. This process results in a mass loss of 4.9%, which corresponds to the loss of one water molecule. A significant mass loss of 64.7% occurs from 431.5 K onwards and may be attributed to the collapse of the main framework and its transformation into volatile gaseous products. Thermogravimetric analysis tandem infrared spectroscopy was used to identify the volatile gaseous products of MGBTO thermal decomposition. Figure 6 depicts the FTIR spectra of the gaseous MGBTO decomposition products at different temperatures during the whole heating process. Due to the low water content of the salt, the infrared peak of the water is not evident and overlaps with baseline fluctuations. The decomposition products of its second weight loss phase, include NH 3 (1376-1470 cm − ) [24] , which are derived from the cation and anion. Gases are released along with the collapse of the main framework during the decomposition of MGBTO. Infrared signals had almost disappeared by the time the temperature had reached 617.2 K, thus proving that the compound has almost completely decomposed. The thermal decomposition investigation shows a possible decomposition mechanism as shown in Figure 7 . 
Nonisothermal kinetics analysis
The potential of MGBTO as an energetic material was explored through theoretical calculations of its decomposition mechanism, apparent activation energy, and pre-exponential constant. The kinetic parameters were calculated using the Kissinger [25] ( Equation 1) and Ozawa [26, 27] (Equation 2) methods:
where E a is the apparent activation energy (kJ/mol), A is the pre-exponential factor (s
), R is the gas constant (J/mol·K), c is a constant, β is the linear heating rate (K/min), and T p is the corresponding peak temperature (K).
The peak temperatures of the exothermic process at heating rates of 5 K/min, 10 K/min, 15 K/min, and 20 K/min were 517.3 K, 531.1 K, 537.1 K, and 543.5 K (Figure 8 ), respectively. The apparent activation energies calculated through the Kissinger and Ozawa methods are listed in Table 4 
Detonation parameters and sensitivity
Detonation velocity (D) and detonation pressure (P) are important parameters of energetic salts. The detonation parameters were estimated using the empirical Kamlet-Jacobs equations [28] (Equations 3 and 4). Calculating the Q value is critical to obtaining the D and P values. Q is the explosive detonation chemical energy. This value was obtained using the value of the heat of formation (HOF) and molecular formula of MGBTO. Here, the parameters N, M, and Q were calculated according to the chemical composition of each explosive (shown in Table 5 ) [29] . 
An accurate prediction of HOF is crucial given that it is used as an index of the "energy content" of energetic compounds. When a salt is evaporated to gas, free acid and base can be generated [30] . According to the literature [30] , the standard heat of formation of a salt could be simplified using formulas (5)- (7) . The HOF of BTO-based ionic salts can be predicted by the known HOF of the salt with different cations. The HOF of the salt (L·HA) is related to the HOF of the constituent base (L) and acid (HA), and Δ r H 0 is the enthalpy of reaction. The HOF of MGBTO is 201 kJ/mol, according to the HOF of diguanidinium 5,5'-bistetrazole-1,1'-diolate [8, 30] . Taking into account the molecule of crystal water (−109 kJ/mol), the HOF of MGBTO can be 92 kJ/mol. The value of Q is 617.6 J·g -1 . The detonation velocity and detonation pressure based on the traditional Kamlet-Jacobs equations are 6342 m·s −1 and 15.78 GPa, respectively. These values indicate that the detonation performance of MGBTO is close to that of TNT (6881 m·s −1 , 19.50 GPa) [31] . Sensitivity deserves significant attention from researchers because it is closely linked with the safety of handling and application of explosives. For safety testing, the sensitivity of MGBTO to impact (IS) and friction (FS) were measured using standard BAM procedures. The results showed that this salt has satisfactory friction sensitivity (>120 N) and impact sensitivity (>40 J). The 5s detonation point of an explosive is a parameter that indicates
